Abstract: We present design of plasmonic modulators using vanadium dioxide (VO 2 ) as modulating material realized on silicon-on-insulator (SOI) wafer with only 200 nm × 140 nm modulating section within 1 μm × 3 μm device footprint. By utilising the large refractive index contrast between the metallic and semiconductor phases of VO 2 , the modulator can achieve a broad working wavelength range from 1100 to 1800 nm around C-band, with a high modulation depth of 21.5 dB/μm. We also analyse effects of using seed layer of different dielectric materials for growing VO 2 on modulation index by exploring the mixed combination of VO 2 and different dielectric materials. Our device geometries can have potential applications in the development of next-generation miniaturised high-frequency optical modulators in silicon photonics for optical communications.
Introduction
The development of nanofabrication over the past decades has enabled researchers to explore faster, smaller and broadband photonic devices. Especially, silicon photonics (SP) has attracted much attention due to its complementary metal-oxide semiconductor (CMOS) capability. Recently, high-speed, ultra-compact and low-cost SP-based electro-optic modulators have been demonstrated [1] - [5] . The electro-optic modulators play a major role in optical communications, where their bandwidth, size, and power consumption determine their applicability in optical transmission links. The "big data" and "internet of thing" have triggered data explosion in this information era. The joint integration between SP and electronics yields high scalability, high efficiency and low cost with performance enhancement [6] . This makes SP an attractive platform to bridge between electronics and photonics. However, the size of transistors has reduced to nanoscale (nanoscale electronics), conventional SP-based optical devices are constrained by the diffraction limitation of half the optical wavelength. This mismatch gives rise to research on novel devices based on plasmonics in silicon photonics to enable matching integration with the nanoelectronics. Recent work has demonstrated the potential to make Si-based subwavelength modulator by tuning the dielectric permittivity of nanoparticle [7] .
Surface plasmon polaritons (SPPs), excited and propagating at a dielectric-metallic interface [8] , have recently been studied extensively for their ability to concentrate the optical field while circumvent the diffraction limit, providing a feasible method of developing modulators, switches, and other optical devices in subwavelength size. The electro-optic modulators implemented with plasmonic technology can bridge the size mismatch between the nanoscale electronics and traditional microscale silicon photonic and also achieve high working frequency. Plasmonic modulators implemented with electro-optical polymer using Pockels effect operating at 40 GHz and 65 GHz have been recently demonstrated in devices with a footprint of 29 μm [9] . However, the active SPP devices like plasmonic switches and modulators inevitably suffer from the trade-offs between their size, insertion loss, extinction ratio, and modulation depth. This trade-off is fundamental due to the small refractive index change occurs in common electro-optical materials when an external electric field is applied like electrooptical polymers, silicon, ITO, and so forth [5] , [10] . The smaller the refractive index changes, the larger the footprint of the device is. This is to increase a long interaction time between the optical and the modulating signal (electric) for achieving modulation. To counterbalance this trade-off, researchers keep exploring new materials which can be used to make plasmonic modulators with significant refractive index change when a small electric field is applied.
Vanadium dioxide (VO 2 ) is a canonical Mott material, which is suitable to use as switching or modulating material for optical communications because of its large refractive index change during the first-order insulator-to-metal transition, with 3.24 + 0.30i in the semiconductor (insulator) phase and 2.03 + 2.64i in metallic phase at 1550 nm [11] . The transition from semiconductor to metal phase can be triggered by electric field of 6.5 × 10 7 V/m [12] , or application of heat (near room temperature 68°C) [13] - [15] . The phase transition happens at hundreds of femtoseconds in one direction (semiconducting phase to metallic phase) while it is slower to transfer back (metal to the semiconductor) ranging from nanosecond to milliseconds [16] . Though VO 2 is a promising candidate material with all properties shown above, its imaginary part of refractive index will introduce loss when used directly as plasmonic waveguide material. The solution is to combine VO 2 with noble metal like gold to exploit the compact nature of SPP meanwhile reducing the loss of the device. VO 2 based optical switch [10] and modulator [17] has been demonstrated using computer simulations recently. However, despite their switching ability, the device geometries are extremely difficult to fabricate [17] . Also, most of these devices are initiated by heating to change phases of VO 2 than triggered by an applied E-field and hence can work only at a lower frequency of operation [2] , [10] , [18] .
In this paper, we propose a plasmonic modulator of with only 200 nm × 140 nm modulating section within 1 μm × 3 μm device footprint (exclude electrodes) using VO2 as modulating material realized on a silicon-on-insulator (SOI) wafer. The optical modulation is achieved by utilizing The optical modulation is achieved by utilising the large refractive index change between the metallic and semiconductor phases of VO2 triggered by an external electrical field. In our design, a 300 nm VO2 film is used as modulating material that is covering the plasmonic slot and gold electrodes. This nanometre thick VO2 together with gold electrodes will help in very quick cooling and can achieve modulating speed at nanosecond timescale. The modulator can realise a broad working wavelength range in the telecommunication window of 1550 nm with high modulation depth. Since most of the deposition techniques to produce high-quality VO 2 film require a dielectric seed layer, we also have studied mixed plasmonic modulators where VO 2 is combined with dielectric materials to study effects of using seed layers on modulation index. Here, we have explored VO 2 -Si, VO 2 -TiO 2 , VO 2 -ZrO 2 and VO 2 -SiO 2 combinations to compare performances. Our proposed device geometry can be experimentally realised, and a fabrication scheme is presented.
General Device Description
The proposed device geometry is shown in Fig. 1 . We have used a coupling scheme similar to published works [9] , [19] . In our geometry, the light of wavelength 1550 nm is guided by left silicon waveguide (height 220 nm and width 450 nm) and is coupled to a plasmonic slot waveguide (slot width 140 nm and slot length 3 μm) made of gold (thickness 150 nm) through a metal taper. The middle section of the slot is filled with VO 2 called modulating section. The refractive index change accompanying the VO2 phase change is exploited for optical phase modulation by applying an external electric field between the gold electrodes in the slot waveguide. The two gold pad has been extending vertically to connect to a PCB board using wire bonding in real fabrication and testing of the modulator. The second taper transforms the modulated surface plasmons back to photonic modes in the right silicon waveguide. The edge coupling is used to couple the light from the fibre to the input side silicon nanowire and from the output side silicon nanowire to the fibre.
This device has two working states depending upon an electric field applied, ON (electric field is ON) and OFF (electric field is OFF) states. In the OFF state, the SPPs propagate through the plasmonic slot waveguide with VO 2 in the semi-phase. During the ON state, most of the SPPs will be blocked by the metallic phase of VO 2 . We define Modulation depth as how much the modulated carrier signal varies around its unmodulated level. This can be calculated from the difference of optical attenuation between two phase changes in the device. The attenuation is calculated from input and output optical power (Poynting vector) obtained by calculating the surface integration of the optical power on both ends of the silicon waveguide.
For the silicon waveguides, the height (thickness) is 220 nm and width is 450 nm, with 15˚open angle of the taper structure. This structure has been optimised for its high coupling efficiency in a broad wavelength range around 1550 nm [9] , [19] . Two 150-nm thick gold pads consist of the plasmonic waveguide slot with a width of 140 nm, and VO 2 has deposited thick enough to fill the slot with 300 nm thickness and 200 nm length. All these parameters are calibrated to C-band working frequency in the simulation with high efficiency, and 3-D model of our device is shown in Fig. 1(b) . The critical parameters affecting the performance of the modulator are length, ι and height (thickness), h of VO 2 and wavelength, λ of the incident light. We have simulated and optimised these parameters in the following section.
Simulation Results
The plasmonic modulator device design, simulation, and optimisation are carried using finite element method implemented in COMSOL Multiphysics. The refractive index of VO 2 used in the simulation is collected from experimental measurement of VO 2 samples using ellipsometry [20] . Fig. 2(a) gives a top view of the device showing light guided by the silicon waveguide is being coupled as SPP in the plasmonic slot and then pass through VO 2 in semiconductor phase. Fig. 2(b) illustrates a cross-section of the device, where the SPP is highly confined within the Au-VO 2 -Au slot when no electric field is applied (OFF state). The SPP is coupled back into light in the right taper followed by guiding through the right silicon waveguide. From the simulations, it is observed that part of the SPP energy has been absorbed or scattered by the VO 2 slot and, hence an optimisation of VO 2 slot length is required for optimum modulation depth.
The length of VO 2 , ι is a key parameter that influences the modulation depth and insertion loss. Considering the fabrication tolerance and power absorption, we have swept ι from 50 to 200 nm, with 1550 nm wavelength of incident light. Fig. 3(a) shows attenuation (dB) of the light at 1550 nm for both the semiconductor (OFF state) and metallic (ON state) phases of VO 2 versus length of VO 2 in the slot. The modulation depth is calculated from the semiconductor phase and metallic phase attenuation values and plotted on the same graph for comparison. It is found that the attenuation of both phases increases almost linearly with the length of VO 2 in the slot. This also means the modulation depth calculated increases approximately linearly with the length of VO 2 . This is due to the fact that VO 2 is not a transparent medium for plasmons as the length increases due to increased absorption and scattering by VO 2 layer. The metallic phase of VO 2 has more loss than semiconductor phase due to the large imaginary part of the refractive index. Considering the modulation depth, insertion loss and fabrication difficulty, we consider the length range from 110 to 200 nm is suitable for fabrication. For a specific length of VO 2 , we have swept λ from 1100 nm to 1800 nm to study the dependence of modulation depth on wavelength as shown in Fig. 3(b) . This study is repeated for four different lengths of VO 2 . The results show that variation of modulation depth is not significant over a wavelength range of 700 nm which ensures that the device is tolerant to shift in wavelength of laser diodes with respect to the temperature. For example, the laser sources used for optical communication such as Agilent 8164A (FP laser InGaAs) has a tunable wavelength range from 1400 to 1670 nm. This wavelength range is fitting well in our device range 1100-1800 nm. This result also shows an agreement with Fig. 3(a) that the modulation depth increases with length of VO 2 ,ι. In the real device fabrication, we need to study the dependence of modulation depth on VO 2 height (thickness). We have studied this aspect by sweeping the height of VO 2 , h with rest of the device parameters constant. From the simulation results, we have found that variation in the modulation depth is minimal after reaching a height of VO 2 around 120 nm, as shown in Fig. 4 . Based on all the above simulation results, we have the following optimised device parameters: length of VO 2 between 110 nm and 200 nm and height of VO 2 above 120 nm.
Fabrication Methodology
Our proposed device can be fabricated using a standard SOI wafer with 220 nm thick silicon layer on top, 2 μm buried oxide layer (SiO 2 ) in the middle and 550 μm thick handle layer of silicon at the bottom. The fabrication methodology is mainly divided into three steps. First, the pattern of silicon nanowires with tapers is written on the SOI wafer using electron beam lithography (EBL-stage 1) with 2-layers MMA resist (500 nm). Then the silicon (220 nm) is etched by Dry Reactive Ion Etching (DRIE) all the way down to SiO2 using 50-nm chromium coating on top as etch mask, shown in Fig. 5(a) . The lift-off process refers to using acetone to wash away PMMA beneath the Cr to make Si waveguide. In the second step, the gold electrodes for making plasmonic slots are made by EBL (EBL-stage 2) process with 250 nm of PMMA spun on the top the SOI substrate followed by deposition of gold (Au) of thickness 150 nm, as shown in Fig. 5(b) . The third step is to prepare the VO 2 deposition mask shown in Fig. 5(c) . We propose physical vapor deposition (PVD) method for VO 2 deposition using a mask to get required length in the plasmonic slot. However, in most of the PVD techniques, maximum temperature can reach around 500 degrees and at this temperature most of the commonly used lithography resists will either melt or breakdown. A chromium mask layer of thickness 300 nm can use to withstand the high temperatures and also for easy lift-off afterwards. We also propose SiO 2 as a mask for its thermal stability and optical features, which can protect the thin layer of gold during VO 2 deposition.
Design of Plasmonic Mixed -VO 2 Modulators
Here, we have demonstrated plasmonic modulators using a mixed combination of VO 2 and dielectric materials such as Si, TiO 2 , SiO 2 and ZrO 2 . This is because, for the practical fabrication of VO 2 , a dielectric layer like ZrTiO 2 is required to deposit as a seed layer [21] . The dielectric layer and its refractive index will affect the confinement of plasmons in the plasmonic slot and hence the modulation characteristics. This demands for a detailed study of modulation characteristics of VO 2 with different dielectric materials (mixed) in the device geometry explained in Section 2. Table 1 shows refractive indices of the dielectrics used in this study along with VO 2 refractive indices. The mixed plasmonic modulator design is similar to the VO 2 slot modulator, except for a thin layer of dielectric material is deposited below the VO 2 , as shown in the inset of Fig. 6 . For example in one mixed geometry, SiO 2 and VO 2 are both flanked inside of the plasmonic slot called modulating section. The SiO 2 in the modulating section can be replaced by other dielectric materials for getting different mixed geometries as shown in Table 1 . The length of the modulating section is denoted as ι. The simulation results for different dielectric materials in the mixed design are shown in Fig. 6 after sweeping ι. Using these mixed geometries, we are able to reroute the SPPs between VO 2 and the beneath layer of the dielectric material by changing the refractive index of VO 2 by applying an external voltage.
Here, we examine four different dielectric material (Si, TiO 2 , SiO 2 and ZrO 2 ), characterised by their relationship with both phases of VO 2 , as shown in Figs. 7-10 . The electric field confinement in the dielectric layer will change depending on the phase of the VO 2 layer above it because of significant contrast in the refractive indices between the semiconductor and metallic phases. The cut-line and cut-plane E-field intensity profiles are obtained from simulations for the detailed study. The cut plane is taken in the middle of the modulation section, and the cut-line is taken horizontally within the VO 2 section of the slot at the cut-plane. For cut-line, the x-axis is referred to the cutline length, where 1000-1140 nm represents the slot width, 1000-1050 nm and 1090-1140 nm represent dielectric layer and 1050-1090 nm represents VO 2 , respectively, as shown in Figs. 7-10 . For the cut-plane, the colour legend displays the higher intensity with colder colors. Fig. 7 (a) and (b) represents plots of electric field amplitude versus slot width for semiconductor and metallic phases of VO 2 , respectively. Here the length of the Si-VO 2 layer is varied from 50 to 200 nm by keeping thickness constant at 300 nm. Fig. 7(c) and (d) give cross-sections of the device in both semiconductor and metallic phases of VO 2 , where normalised electric field inside the slot width is presented. It is evident from the results that electric field (plasmons) is predominantly confined in the low refractive index VO 2 in both phases than Si, except that electric field amplitude is increased inside low refractive index semiconductor phase more than the metallic phase of VO 2 . Fig. 8 represents the same study for the TiO 2 -VO 2 mixed device. The device performance is similar to Si-VO 2 because TiO 2 also has a higher refractive index (2.7) than both the VO 2 phases. For the next mixed topology, ZrO 2 is used because the refractive index of ZrO 2 is 2.2 which is lower than VO 2 in semiconductor phase (2.45) and higher than the metallic phase (2.04). In this topology, the majority of plasmons are confined in ZrO 2 in VO 2 semiconductor phase (nZrO 2 < nVO 2 _S) and is rerouted to VO 2 during the metallic phase (nZrO 2 > nVO 2 _S). Fig. 9 represents plots of electric field amplitude and electric field inside the slot width for both semiconductor and metallic phases respectively. The last mixed geometry is made of SiO 2 -VO 2 , where SiO 2 has a lower refractive index (1.5) than VO 2 in both phases. This results in confinement of majority of plasmons in low refractive index SiO 2 , as shown in Fig. 10. Fig. 6 presents modulation index of all the mixed combinations considered for different lengths of dielectric-VO 2 length. Our study reveals that using a seed layer substantially influences the modulation index of the plasmonic modulators. Furthermore, use of a seed layer with a refractive index lower than both the phases of VO 2 lowers modulation index. A dielectric seed layer with refractive index either inbetween semiconductor phase and metallic phase of VO 2 , or larger than both the phases of VO 2 should be used.
Conclusion
In this paper, we have demonstrated plasmonic modulators with only 200 nm × 140 nm modulating section within 1 μm × 3 μm device footprint(exclude electrodes) using vanadium oxide as modulating material by taking advantage of the large refractive index contrast between the semiconductor and metallic phases. The modulator is optimized to operate in a broad working wavelength range of 700 nm around the telecommunication window. We also have studied the effect of using seed layer of different dielectric materials to grow high-quality VO 2 films on modulation index by exploring VO 2 -Si, VO 2 -TiO 2 , VO 2 -ZrO 2 , and VO 2 -SiO 2 mixed combination as modulating materials. Our geometry can be practically fabricated, and the fabrication methodology is also presented. The presented study can be applied in developing high-frequency modulators for optical communications.
